Introduction
The reduction of bis(alkyne) complexes of the type [M(NCMe)(RC 2 R) 2 (η-C 5 R′ 5 )] + (M ) Mo, W) can lead to the isolation of binuclear complexes in which C-C coupling of the alkyne ligands has occurred. 1 For example, treatment of [Mo(NCMe)(MeC 2 Me) 2 (η-C 5 H 5 )] + (1) with [Fe(CO) 2 (η-C 5 H 5 )] -or sodium amalgam gives 2 the metallacyclononatetraene complex [Mo 2 (µ-C 8 Me 8 )-(η-C 5 H 5 ) 2 ], with four linked but-2-yne ligands, and [W(NCMe)(MeC 2 Me) 2 (η-C 5 H 5 )] + reacts with sodium amalgam to give the bis(metallacyclopentadiene) complex [W 2 (µ-C 4 Me 4 ) 2 (η-C 5 H 5 ) 2 ] via pairwise alkyne linking. 3 The postulate 1c,d of a radical mechanism for the formation of Me 8 )(η-C 5 H 5 ) 2 ] was confirmed in an electrochemical study of 1. 4 Voltammetry established that the 19-electron complex [Mo(NCMe)(MeC 2 Me) 2 (η-C 5 H 5 )], the first product of the reduction of 1, undergoes very rapid loss of acetonitrile, implying formation of the 17-electron radical [Mo(MeC 2 Me) 2 (η-C 5 H 5 )], which couples to form the binuclear product (Scheme 1). Given the unusual C-C coupling reaction of this bis(alkyne) radical (neutral 17-electron organometallic radicals more usually undergo other reactions, i.e., metal-metal bond formation, hydrogen atom loss or gain, etc. 5 ), a more systematic study was undertaken of the generation and fate of other species of the type [M(RC 2 R) 2 (η-C 5 R′ 5 )] (M ) Mo, W; R ) Me, Ph; R′ ) H, Me; C 5 R′ 5 ) C 5 HPh 4 ). As the present paper shows, the formation of such radicals by reducing [M(NCMe)(RC 2 R) 2 (η-C 5 R′ 5 )] + is general. Moreover, we demonstrate how the systematic variation of R and R′ leads to the isolation of the radical [Mo(PhC 2 Ph) 2 (η-C 5 HPh 4 )] and provides insight into the possibility of systematic synthesis using the bis-(alkyne) radicals [M(RC 2 R) 2 (η-C 5 R′ 5 )].
The effect of the ancillary ligand, L, in [ML(RC 2 R) 2 -(η-C 5 R′ 5 )] + has also been investigated by replacing L ) MeCN by L ) CO. The π-acceptor CO ligand retards the loss of L from the 19-electron complex [ML(RC 2 R) 2 -(η-C 5 R′ 5 )], thereby affecting the radical reaction pathways. A preliminary study 6 of the reduction of [Mo(CO) 
Experimental Section
The preparation, purification, and reactions of the complexes described were carried out under an atmosphere of dry nitrogen using dried, distilled, and deoxygenated solvents. Unless stated otherwise, the new complexes are air-stable in the solid state and dissolve in polar solvents such as CH2Cl2 and thf to give solutions which only slowly decompose in air.
10 and [Co(η-C5H5)2] 11 were prepared by published methods. IR spectra were recorded on a Nicolet 5ZDX FT spectrometer. 1 H and 13 C NMR spectra were recorded on JEOL GX270, λ300, or GX400 spectrometers with SiMe4 as internal standard. X-band ESR spectra were recorded on either a Bruker ESP-300E spectrometer or a modified Varian E-4 spectrometer, equipped with variable-temperature accessories and a microwave frequency counter. The field calibration was checked by measuring the resonance of the diphenylpicrylhydrazyl (dpph) radical before each series of spectra. Electrochemical studies were carried out using EG&G model 173 or 273 potentiostats in a traditional three-electrode configuration. 12a,b The working electrode was Pt; a small disk was used for cyclic voltammetry and a large gauze basket for bulk electrolyses. The reference electrode was either an aqueous saturated calomel electrode (SCE) or a Ag/AgCl wire which was separated from the test solution by a fine-porosity glass frit. Ferrocene was added as an internal standard at an appropriate point in the experiment, and all potentials in this paper are versus that of the ferrocene/ferrocenium couple. (17 mg, 0.09 mmol) in CH2Cl2 (3 cm 3 ), resulting in a color change from yellow to green. After 10 min the solvent was removed in vacuo to give a green solid, which was dissolved in diethyl ether and filtered through Celite. Concentration of the solution and addition of n-pentane at -50°C gave a fine green precipitate, which was filtered, washed, and dried in vacuo to give a light green, very air-sensitive solid, 20 mg (27%).
Results and Discussion
Synthesis of [ML(RC 2 R) 2 (η-C 5 R′ 5 )] + (M ) Mo or W, L ) MeCN or CO, R ) H or Me, R′ ) H or Me, C 5 R′ 5 ) C 5 HPh 4 ). The complexes studied in this work (1-7 and 9-15, Scheme 2) were prepared by published methods 9,10,13 or modifications thereof and characterized by elemental analysis and IR (Table 1 ) and NMR spectroscopy ( R) 2 (η-C 5 R′ 5 )] (eq 1) undergoes rapid loss of acetonitrile (eq 2), giving rise to the 17-electron species [M(RC 2 R) 2 (η-C 5 R′ 5 )] (Scheme 1). For the diphenylacetylene complexes of molybdenum the 17-electron radical is sufficiently stable so that its one-electron reduction wave is also detected, at a more negative potential than that of the first process, allowing measurement of E 1/2 for the 17-electron/18-electron couple [Mo(PhC 2 Figure 1a as an example. The overall electrochemical sequence is therefore an ECE process beginning and ending with 18-electron species:
For the MeC 2 Me complexes there is little evidence for the 17-electron radicals, as indicated by the virtual absence of a second reduction wave after the initial reduction of, for example, [Mo(NCMe)(MeC 2 Me) 2 (η-C 5 H 5 )] + (1) (Figure 1b) . In this particular case the radical [Mo(MeC 2 Me) 2 (η-C 5 H 5 )] couples rapidly to produce 2 the binuclear product in Scheme 1.
Although similar chemical behavior is observed for the tungsten complexes, the voltammetry differs from that of the Mo analogues. The reduction potentials of the 18-electron cations [W(NCMe)(RC 2 R) 2 (η-C 5 R′ 5 )] + differ significantly from those of the corresponding Mo complexes (Table 3) , on average by -0.37 V for a given R and R′ (e.g., compare 5 with 1, 6 with 3, and 7 with 4), whereas those of the neutral 17-electron radicals [M(RC 2 R) 2 (η-C 5 R′ 5 )] do not (average difference ) -0.04 V; compare 6 with 3, and 7 with 4). The greater negative shift of the reduction wave of the 18-electron tungsten complexes therefore has the effect of decreasing the separation in potentials between the electron-transfer processes in eqs 1 and 3 {compare Figure 1c , which shows the CV of [W(NCMe)(PhC 2 Ph) 2 (η-C 5 Me 5 )] + (6), with Figure 1a} . In fact, for [W(NCMe)(PhC 2 Ph) 2 (η-C 5 -HPh 4 )] + (7) (Figure 1d ) the two reduction waves are almost superimposed.
The virtual lack of metal dependence of the reduction potential of the 17-electron radicals [M(RC 2 R) 2 (η-C 5 R′ 5 )] is consistent with the half-filled orbital (SOMO) being based mainly on the alkynes, a conclusion reinforced by ESR spectroscopic measurements (see below). Although the redox orbital (LUMO) of the 18-electron complexes [M(NCMe)(RC 2 R) 2 (η-C 5 R′ 5 )] + is more highly metal-based, it must also contain considerable alkyne character since the potential shift when the coordinated alkyne is changed from MeC 2 Me to PhC 2 Ph is 0.43 V (Table 3 , e.g., compare Ep c of 1 with that of 2). By contrast the potential shift when the cyclopentadienyl ring substituents are changed is small (e.g., compare 2, 3, and 4).
The reduction of complex 2 in MeCN was investigated in order to see if ligand loss (eq 2) is inhibited in the presence of a large excess of the nitrile. Although some chemical reversibility was observed, nitrile loss from the 19-electron complex [Mo(NCMe)(PhC 2 Ph) 2 (η-C 5 H 5 )] was not completely eliminated at a CV scan rate of 0.2 V s -1 .
To confirm that reduction of the 18-electron cations [M(NCMe)(RC 2 R) 2 (η-C 5 R′ 5 )] + gives the corresponding neutral 17-electron radicals [M(RC 2 R) 2 (η-C 5 R′ 5 )] (eqs 1 and 2), the Mo complexes 3 and 4 were treated with the one-electron reductant [Co(η-C 5 H 5 ) 2 ] in thf (E 1/2 ) -1.31 V) 15 and the resulting solutions investigated by ESR spectroscopy. In the case of 4, the 17-electron radical [Mo(PhC 2 Ph) 2 (η-C 5 HPh 4 )] (8) was also generated by adding solid [Co(η-C 5 H 5 ) 2 ] to a frozen solution of 4 in thf/CH 2 Cl 2 (2:1) and allowing the mixture to warm in the cavity of the ESR spectrometer until the spectrum was observed.
In all cases, intense spectra were observed, both in fluid and frozen solutions (Table 4) . A rhombic g-tensor assigned to [Mo(PhC 2 Ph) 2 (η-C 5 R′ 5 )] is apparent from low-temperature spectra; Figure 2 shows that of )] is stabilized in both the thermodynamic sense (the cationic carbonyl complexes are easier to reduce) and in the kinetic sense. Regarding the latter, the one-electron reduction wave of [M(CO)(RC 2 R) 2 (η-C 5 R′ 5 )] + (eq 4) is either fully or partly chemically reversible at slow CV scan rates and ambient temperatures. Complexes containing but-2-yne give less stable 19-electron complexes than those of diphenylacetylene. In the latter case, the reduction of the 19-electron complex to the (nominal) 20-electron anion (eq 5) can be observed as a second wave with a full cathodic peak height; the CV of [Mo(CO)(PhC 2 Ph) 2 (η-C 5 Me 5 )] + (11) is shown in Figure 3 as an example. Although the second reduction wave is still observed for the but-2-yne complexes, the cathodic peak height is lower owing to the partial decomposition of the 19-electron radical during the time scale of the scan. In general, therefore, the reduction of [M(CO)(RC 2 R) 2 (η-C 5 R′ 5 )] + is an EE process (eqs 4 and 5), with the decomposition reaction of eq 6 affecting the stability of the 19-electron radical when R ) Me.
Since the decomposition reaction of eq 6 was never too fast to prevent the detection of [M(CO)(PhC 2 Ph) 2 -(η-C 5 R′ 5 )] in CV experiments, the thermodynamically significant quantity E 1/2 was calculated for each of the carbonyl-containing complexes (Table 3) . Thus, for a given R and R′ the carbonyl complexes are easier to reduce than the NCMe analogues, on average by 0.47 V for M ) Mo (e.g. 2 vs 10) or by 0.58 V for M ) W (e.g. 6 vs 14).
As mentioned above, and shown in Figure 3 for 11, the 19-electron complexes [M(CO)(PhC 2 Ph) 2 (η-C 5 R′ 5 )] also undergo one-electron reduction, to [M(CO)(PhC 2 -Ph) 2 (η-C 5 R′ 5 )] -, at a potential about 0.7 V more negative than the reduction of [M(CO)(PhC 2 Ph) 2 (η-C 5 R′ 5 )] + . The reversibility of this wave is a function of the particular complex, the solvent employed, the electrode material, [M(CO)(RC 2 R) 2 (η-C 5 R′ 5 )]
[M(CO)(RC 2 R) 2 (η-C 5 R′ 5 )] f decomposition (6) the temperature, and scan rate. We are engaged in a detailed study of this reduction process. Here, however, we consider the one-electron reduction of a specific complex of this series, namely, [Mo(CO) (Table 4) . Species III is assigned to the 19-electron complex [Mo-(CO) (PhC 2 Ph) 2 (η-C 5 Me 5 )]; its features (g iso ) 1.991, 〈a〉-Mo ) 27.5 G) match those of the spectrum generated when [Mo(CO)(PhC 2 Ph) 2 (η-C 5 Me 5 )] + (11) is treated with [Co(η-C 5 H 5 ) 2 ] at low temperatures in either toluene or thf (Table 4) .
Over the period of about 1 h, resonances I and III disappear from the ESR spectrum of the electrolysis solution and resonance II grows until it is the only signal (g iso ) 2.011, 〈a〉Mo ) 23 G). The Mo hyperfine splitting in II is close to that observed for [Mo(CO)(PhC 2 - 
